Congenital aganglionosis rat (AR) is a mutant with an autosomal recessive gene (si), which shows megacolon caused by the absence of myenteric ganglion cells and white coat-color with a small pigmented spot on the head. Recently, targeted disruption of the endothelin-B (ETB) receptor gene (EDNRB) in the mouse has been reported to cause aganglionic megacolon and coat color spotting resembling the phenotypes of the si/si rats. To identify the mutation responsible for the phenotypes of the si/si rats, we determined the nucleotide sequences of the EDNRB genes of the sl/sl rats and found that a 301-bp region intervening between direct repeat sequences was deleted in the EDNRB gene, and the deletion produces various transcripts due to aberrant splicing.
The congenital aganglionosis rat (AR) was originally described as having an aganglionic bowel caused by an autosomal recessive gene (si). 1 The rat is characterized by megacolon and white coat color with a small pigmented spot on the head. As both myenteric ganglion cells and epidermal melanocytes are derived from neural crest cells, 2 the phenotypes of the mutant rat are thought to be caused by defects in migration and differentiation of the neural crest cells. The mutant sl/sl rats have been used as an animal model of human Hirschsprung's disease that is also characterized by the absence of enteric ganglia in the distal colon and incomplete innervation in the gastrointestinal tract. 3 Recently, targeted disruption of endothelin-B (ETB) receptor gene (EDNRB) in the mouse was reported to cause aganglionic megacolon and coat color spotting, 4 indicating an important role of the ETB receptor in the migration and differentiation of the cells derived from the neural crest. This suggests the possibility that the abnormal phenotypes of the sl/sl rats are also caused by a mutation in the EDNRB gene. The ETB receptor is one of the known mammalian endothelin receptor subtypes belonging to the G-protein-coupled receptor gene family. 5 Communicated by Yoshihide Hayashizaki * To whom correspondence should be addressed. Tel. +81-86-251-8314, Fax. +81-86-254-0714, E-mail: tkuniedaOcc. okayama-u.ac.jp
We, therefore, investigated the nucleotide sequences of the EDNRB gene of the sl/sl rats in the present study. Total RNA was prepared from the brains, kidneys, lungs, and eyeballs of the sl/sl and normal rats and subjected to RT-PCR using EDNRB-speciftc PCR primers to amplify overlapping regions of the entire coding sequence of the EDNRB cDNAs. As shown in Fig. 1 , the length and the pattern of the RT-PCR products including the 5' region of rat EDNRB cDNA (fragments 1,2, and 4) are different between the sl/sl and the normal rats, whereas those of the 3' region (fragment 3) showed no difference. The major band of the RT-PCR products of the sl/sl rats amplified by primer pairs Prl and Pr4 (fragment 4), Prl and Pr3 (fragment 2), and Pr5 and Pr3 (fragment 1) were approximately 300 bp shorter than those of the normal rats. Furthermore, those PCR products of the sl/sl rats gave less intensive additional bands in the upper area of the major band. The RT-PCR products of the kidneys, lungs, and eyeballs were similar to those of the brain (data not shown). The mutant rats were, therefore, suggested to have deletions in the 5' region of the EDNRB transcripts. To characterize the deletions, we cloned the RT-PCR products of the EDNRB gene and determined the nucleotide sequence of the clones. Consequently, cDNA clones of four different types were identified in the sl/sl rats. Comparisons of the nucleotide sequences of the cDNAs of EDNRB gene be- tween normal and mutant rats revealed that the shortest type of transcript (transcript 1) had a 270-bp deletion and the second one (transcript 2) had a 255-bp region substituted with a 17-bp sequence. In the remaining two types (transcripts 3 and 4), an additional 44-bp sequence was inserted into transcripts 1 and 2, respectively (Fig.  3) . The commonly deleted region in the four types of transcripts is located between nucleotide 429 to 683 of the rat EDNRB cDNA sequence reported by Sakurai et al. 5 The 3' end of the deleted region corresponds to the boundary between exons 1 and 2 of human and bovine EDNRB cDNAs 6 -7 (Fig. IB) , suggesting that these transcripts arise from aberrant splicing.
To characterize the mutation of the EDNRB gene that causes the aberrant transcripts, we investigated the genomic structure of the EDNRB gene of the si/si rats. The cloned RT-PCR products consisting of 0.7-kb and 1.0-kb fragments corresponding to exons 1 and 2 (probe , and 1-kb fragment corresponding to exons 3 to 7 (B) of the EDNRB cDNA were labeled by random priming with [a-32 P]dCTP, and used as probes. High-molecular-weight genomic DNA was isolated from the livers of si/si (Lane 1) and normal (Lane 2) rats by phenol extraction, digested with EcdR\ or BamHl endonucleases, separated by 0.7% agarose ge; electrophoresis, and transferred to nylon membrane filters. The filters were hybridized with hybridization solutions containing the 32 P-labeled probes, 50% formamide, 5x Denhardt's solution, 0.5% SDS, and 5x SSC at 50°C for 24 hr, washed twice in lx SSC, 0.1% SDS at room temperature and once in 0.1 x SSC, 0.1% SDS at 50°C, and exposed to X-ray films for 48 h with an intensifying screen at -70°C. The sl/sl rat gave 3.8-kb EcoRl and 2.5-kb BamHl fragments hybridizing to probe A, whereas the normal rat gave 4.1-kb EcoRl and 2.8-kb Bam.HI fragments.
A) and to exons 3 to 7 (probe B) of the EDNRB gene, respectively, were used as a probe for the Southern blot hybridization of genomic DNAs of the mutant and normal rats. As shown in Fig. 2 , probe A showed restriction fragment length polymorphisms (RFLPs) in EcoRl and BamHl digests. The sl/sl rats gave 3.8-kb EcoRl and 2.5-kb BamHl fragments, whereas the normal rats gave 34.1-kb EcoRl and 2.8-kb BamHl fragments. Probe B showed no RFLP between the sl/sl and normal rats. There is an approximately 300 bp difference between the 5' region of the sl/sl and normal rats in each enzyme digest, indicating that the sl/sl rats have a deletion in the 5' region of the EDNRB gene. To identify the exact region of the deletion, we amplified the region spanning exon 1 and intron 1 from the genomic DNAs by using primers flanking this region, and sequenced the amplified fragments. Comparison of the nucleotide sequence between the sl/sl and normal rats revealed that the sl/sl rats carry a deletion of 301-bp region consisting of the 255-bp sequence of the exon 1 and 46-bp sequence of the intron 1. Notably, we found direct repeat sequences consisting of 16 nucleotides in the 3' end and the 5' adjacent sequence flanking the deleted region (Fig. 3) . Eleven of the 16 nucleotides were identical in these two direct repeats. We also identified inverted repeat sequences consisting of eight nucleotides just upstream of the direct repeats in exon 1.
Recently Gariepy et al. 8 have also reported the 301-bp deletion in the EDNRB gene of the sl/sl rats, but we further revealed that the deletion produces various transcripts and that the deleted region intervenes between the direct repeats. As shown in Fig. 3 , transcripts 1 and 3 presumably arise from the cryptic splice donor site located 15 bp upstream of the deleted region while transcripts 2 and 4 arise from the site located 17 bp downstream. The nucleotide sequence of the upstream cryptic splice site coincides with that of the common splice donor site. 9 The additional 44-bp sequence inserted into transcripts 3 and 4 may be derived from the intronic sequence by aberrant splicing, because we could not detect any transcripts having the 44-bp sequence in the normal rats (data not shown). These findings indicate that the loss of the authentic splicing donor site of the EDNRB gene results in aberrant splicing which generates various transcripts.
The existence of the direct repeats at the 5' and 3' ends of the deleted region suggests possible mechanisms for the generation of the 301-bp deletion. Deletion or duplication of particular sequences intervening between direct repeats have been reported in several human mutations. 10 ' 11 These deletion mutations are believed to be generated by replication slippage arising from illegitimate pairing between two complementary sequences at the replication or by unequal crossing over resulting in either deletion or duplication of a particular sequence by crossing over between the direct repeats at meiosis. The 16-bp direct repeats might, therefore, be responsible for the deletion of the EDNRB gene. The inverted repeats located at the site adjacent to the direct repeats are also likely to play an important role in the generation of the deletion through the formation of a particular second structure of single-stranded DNA.
The substitutions in the transcripts 2, 3, and 4 cause frame-shift mutations that introduce premature termination codons at codons 78, 114, and 78, respectively. Transcript 1, however, has an in-frame deletion that causes an internal deletion of 90 amino acids in the products of the [Vol. 3, transcript. As the deleted region of the transcript corresponds to the first and second transmembrane domains of the receptor (Fig. IB) , the products have neither first nor second transmembrane domains of the G-proteincoupled heptahelical receptor, suggesting complete loss of the function of the receptor. Deletion of any of the transmembrane domains of the /3-adrenergic receptor, which also belongs to the G-protein-coupled heptahelical receptor gene family, has resulted in loss of the receptor function. 12 The loss of the ETB receptor function that produces phenotypes similar to the si/si rat has also been reported in mice with knock out of the EDNRB gene and s'/ s ' mutant mice. 4 Furthermore, the EDNRB gene has been reported to be expressed in human myenteric ganglion neurons, 13 and the ligands for the ETB receptor to stimulate the proliferation and chemokinesis of human melanocytes and melanoma cells.
14 ' 15 We, therefore, concluded that the 301-bp deletion in the EDNRB gene is responsible for the myenteric aganglionosis and the coat color spotting phenotypes of the si/si rats. The human Hirschsprung's disease is a heterogeneous genetic disorder with autosomal dominant, autosomal recessive, and polygenic forms. 16 One of the autosomal dominant diseases has been found to be caused by a mutation in the RET proto-oncogene, 17 which is a member of a receptor tyrosine kinase gene family originally isolated by transforming activity in NIH3T3 cells. 18 ' 19 Missense mutations in the EDNRB gene have recently been found in the cases of autosomal recessive and autosomal dominant Hirschsprung's disease. 20 ' 21 The si/si rat, therefore, is an authentic model for such types of human Hirschsprung's disease. The present findings for the si/si rat also indicate that the rat is an excellent model for investigating the in vivo function of the ETB receptor.
The EDNRB gene is expressed in various tissues and organs including brain, kidney, lung, heart and endothelial cells, 22 but the precise functions of the ETB receptor, except for those in the vascular endothelium, are still yet unknown. Further investigations of the si/si rats should reveal novel functions of the EDNRB gene in various organs, tissues, and developmental stages of the mammals.
